Large scale synthesis and delamination of 2D Mo 2 CT x (where T is a surface termination group) has been achieved by selectively etching gallium from the recently discovered nanolaminated, ternary transition metal carbide Mo 2 Ga 2 C. Different synthesis and delamination routes result in different fl ake morphologies. The resistivity of free-standing Mo 2 CT x fi lms increases by an order of magnitude as the temperature is reduced from 300 to 10 K, suggesting semiconductor-like behavior of this MXene, in contrast to Ti 3 C 2 T x which exhibits metallic behavior. At 10 K, the magnetoresistance is positive. Additionally, changes in electronic transport are observed upon annealing of the fi lms. When 2 µm thick fi lms are tested as electrodes in supercapacitors, capacitances as high as 700 F cm −3 in a 1 M sulfuric acid electrolyte and high capacity retention for at least 10,000 cycles at 10 A g −1 are obtained. Free-standing Mo 2 CT x fi lms, with ≈8 wt% carbon nanotubes, perform well when tested as an electrode material for Li-ions, especially at high rates. At 20 and 131 C cycling rates, stable reversible capacities of 250 and 76 mAh g −1 , respectively, are achieved for over 1000 cycles.
from their bulk counterparts. [1] [2] [3] Recently, we discovered a new family of 2D transition metal carbides and carbonitrides, which we labeled MXenes. [ 4 ] MXenes have the general formula of M n +1 X n T x , where M stands for an early transition metal (e.g., Ti, V, Cr, and Mo), X is either carbon or nitrogen, n = 1-3, and T x represents surface functional groups such as O, OH and/or F. [ 5 ] They are synthesized by selective etching of the "A" layers (mostly from groups 13 and 14) from layered, ternary carbides, MAX phases, using hydrofl uoric acid (HF), ammonium bifl uoride (NH 4 HF 2 ), or a solution of lithium fl uoride (LiF) and hydrochloric acid (HCl). [6] [7] [8] MXenes exhibit good electrical conductivity, hydrophilicity, and can host many different cations between their layers. [ 4, 9 ] Due to these characteristics, they have been explored theoretically and experimentally for a number of applications, with particular attention given to energy storage applications, including electrodes for Li-, Na-, and K-ion batteries, [10] [11] [12] Li-S batteries, [ 13 ] Li-ion and aqueous supercapacitors. [ 8, 9, 14, 15 ] They can also provide stability and durability for proton exchange membranes for fuel cells. [ 16 ] Other potential applications include water purifi cation, [ 17, 18 ] electrochemical actuators, [ 19 ] photocatalysis, [ 20 ] transparent conductive electrodes and sensors. [ 7, 21 ] Typically the resistivity of Ti 3 C 2 T x fi lms decreases with decreasing temperature from 300 down to 100 K, below which the resistance increases slightly. [ 7 ] At temperature <50 K, the magnetoresistance (MR) is negative and the logarithmic dependence of the resistivity on temperature suggests a weak 2D localization effect.
To date more than a dozen different MXene compositions have been reported, all of which were produced by etching the Al-layers from Al-containing MAX phases. [ 4, 5, 11, 22, 23 ] Quite recently, however, we discovered a new hexagonal ternary nanolaminated carbide, Mo 2 Ga 2 C, where instead of one "A" layer such as Mo 2 GaC, [ 24 ] two "A" layers are found between the Mo 2 C layers. [ 25 ] In a subsequent paper, [ 26 ] we showed the possibility of selectively etching the Ga layers -using HF -from epitaxial Mo 2 Ga 2 C thin fi lms, producing the MXene Mo 2 CT x . However, since the Mo 2 Ga 2 C thin fi lms were not completely converted to Mo 2 CT x , we were not able to characterize the latter's properties. Using Boltzmann theory and fi rst-principles electronic structure
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calculations, Mo 2 CT x terminated with F is predicted to be semiconductor with a band gap of 0.25 eV and a high power factor. [ 27 ] Coincidentally, quite recently, Xu et al. used chemical vapor deposition to produce large-area, high-quality, Mo 2 C crystals, as thin as 3.4 nm. [ 28 ] In 3.4 nm thick crystals, the resistivity was shown to decrease from 300 to about 50 K; below 50 K the resistivity increased logarithmically suggesting -like in the Ti 3 C 2 T x fi lms [ 7 ] -a possible weak 2D localization effect. In crystals thicker than 3 nm, a superconducting transition was observed below ≈4 K. At 10 K, the electron mobilities of these fi lms were reported to be ≈10 cm 2 Vs −1 .
Herein the large-scale synthesis and delamination of Mo 2 CT x fl akes by the selective etching of Ga from Mo 2 Ga 2 C powders using HF or a solution of LiF and HCl is reported. Once etched and delaminated, to produce Mo 2 CT x colloidal solutions, henceforth referred to as d -Mo 2 CT x , free-standing "paper" was produced by fi ltering the d -Mo 2 CT x . Since this is the fi rst report on the synthesis of Mo 2 CT x powder and single-layer fl akes, it was important to characterize their structure and various properties. Transport measurements were carried out to evaluate the conductivity and suitability of Mo 2 CT x for electronic applications. We also report preliminary results on the potential of using Mo 2 CT x in energy storage applications, such as Li-ion batteries and aqueous supercapacitors.
Results and Discussion

Material Synthesis, Structural and Chemical Characterization
The synthesis and delamination of Mo 2 CT x fl akes are schematically illustrated in Figure 1 a. Both methods used for producing d -Mo 2 CT x fl akes involve etching the Ga layers from Mo 2 Ga 2 C using acidic solutions containing fl uoride ions. The synthesis details of Mo 2 Ga 2 C, its MXene, "paper," and composites can be found in the experimental section below.
In the fi rst method, Mo 2 Ga 2 C powders were etched using a solution, containing 3 M LiF and 12 M HCl, producing Mo 2 CT x multilayered fl akes with Li + ions between the layers. This material will henceforth be referred to as Mo 2 CT x -Li (more synthesis details can be found in the experimental section). To delaminate Mo 2 CT x -Li, 2 gm of the etched powder was added to 40 mL of deionized (DI) water and hand shaken for 5 min. The end result, after centrifuging for 1 h at 5000 rpm, was a colloidal suspension of delaminated fl akes with a concentration of ≈0.1 mg mL −1 . Filtration of the latter produced fi lms that will henceforth be referred to as d -Mo 2 CT x -Li. A comparison of the X-ray diffraction (XRD) patterns of Mo 2 Ga 2 C (i./black pattern in Figure 1 c,d) and Mo 2 CT x -Li etched for 16 days at 35 °C (ii./green pattern in Figure 1 c,d) clearly shows that all peaks belonging to Mo 2 Ga 2 C are totally replaced by (000l) peaks belonging to Mo 2 CT x -Li. As typical of all MAX to MXene transformations, the (0001) peaks broaden and shift to lower angles as a result of an increase in the c lattice parameter ( c -LP) from 18.1 to 23.1 Å. It is worth noting that the Mo 2 CT x -Li fl akes produced after 16 days of etching contain pin-holes and other defects, as can be seen in the Transition Electron Micrographs (TEM) micrograph in Figure S2 in the Supporting Information, whereas etching for only 6 days yields higher quality fl akes with little or no defects ( Figure 2 a) . The yields after 6 days, however, are low resulting in suspensions with a concentration of ≈0.05 mg mL −1 , since only a small portion of the Mo 2 Ga 2 C powder is converted to MXene as shown in the XRD pattern in Figure S3 in the Supporting Information. In the second method, 14 M aqueous HF was used as the etchant. In this case, the Mo 2 Ga 2 C powders were etched for 6.6 days at 55 °C. These powders will henceforth be referred to as Mo 2 CT x . To delaminate the etched powders, the Mo 2 CT x powders were fi rst intercalated with tetrabutylammonium hydroxide (TBAOH) in water following the procedure, described by Naguib et al. [ 29 ] Two grams of the intercalated Mo 2 CT x were delaminated in 40 mL of DI water either by hand shaking or sonication, yielding a suspension with a concentration of ≈4 mg mL −1 . The resulting material will henceforth simply be referred to as d -Mo 2 CT x . The suspension was then vacuum fi ltered through a nanoporous polypropylene membrane to obtain free-standing d-Mo 2 CT x "paper". From digital images shown in Figure 1 b it is apparent that the diluted delaminated suspension is brown-pink in color, whereas the fi lms are metallic green. Scanning electron micro scopy (SEM) images showing the morphologies of Mo 2 Ga 2 C, Mo 2 CT x , and Mo 2 CT x -Li powders are shown in Figure S1a -d in the Supporting Information, respectively.
XRD patterns of Mo 2 Ga 2 C powders after etching with HF (iii./red patterns in Figure 1 c,d) resulted in the appearance of two (0002) MXene peaks in addition to a peak corresponding to the unreacted MAX phase. The fi rst MXene peak corresponds to a c -LP of 21.2 Å, while the second, quite weak peak, corresponds to a c -LP of 26.9 Å. The difference in the interlayer spacing (Δ d = Δ c /2) between them is approximately equal to the van der Waals radius of a water monolayer, viz., 2.8 Å. [ 30 ] This suggests that some of the Mo 2 CT x multilayers are intercalated with a monolayer of water, while others are intercalated by two layers. Water intercalation is common and has been observed in other MXenes such as Nb 2 CT x , Nb 4 C 3 T x , and V 2 CT x . [ 11, 22 ] Upon intercalation with TBAOH, two (0002) peaks appeared corresponding to c -LPs of 28.5 and 58.1 Å, respectively (iv./blue patterns in Figure 1 c,d). The fi rst, small peak arises from TBA intercalated Mo 2 CT x . [ 31 ] The other (0002) peak with a c -LP of 58.1 Å has a Δ d of 18.5 Å (using the d -spacing of the high angle 0002 peak of Mo 2 CT x as a base line), which corresponds to the intercalation of TBA cations (the TBA cation size ranges between 8.5 and 10.5 Å) and from two to three water layers. [ 31 ] Similar behavior was reported for the intercalation of graphene oxide with TBAOH. [ 30 ] The c -LP of the d -Mo 2 CT x "paper" at ≈37.7 Å (v./purple patterns in Figure 1 c,d) is signifi cantly shorter than the 58.1 Å of the TBA intercalated powders. Said otherwise, Δ d compared to Mo 2 CT x is ≈10.2 Å, which is quite close to the size of a single TBA cation. This suggests that while water may be trapped between the multilayers, the delamination, fi ltration and drying steps allow the water molecules to escape leaving only TBA cations behind. A comparison of the XRD patterns of the "paper" and the multilayered powders (compare v./purple and ii. green patterns in Figure 1 c and d) also reveals that the former are signifi cantly purer as evidenced by the total absence of the (0002) peak of the Mo 2 Ga 2 C precursor powders at ≈9.5°.
Note that the Mo 2 CT x -Li multilayered fl akes (ii./green patterns in Figure 1 c,d) have a c -LP which is ≈10% larger than their Mo 2 CT x counterparts (iii./red patterns in Figure 1 c,d). This slight increase suggests the presence of Li + cations between the MXene layers. Figure 2 a,d show, respectively, low and high magnifi cation TEM images of a Mo 2 CT x -Li fl ake after the powders were etched for 6 days. The fl ake has a lateral diameter of ≈2 µm and shows few signs of macroscopic defects, such as pores. Flakes produced after etching for 16 days ( Figure S2 , Supporting Information), on the other hand, are quite defective, with a large number of pores clearly visible. Not surprisingly, and as noted above, the Mo 2 CT x -Li yields, after etching for 6 days, are signifi cantly lower than those etched for 16 days, as evidenced by the presence of Mo 2 Ga 2 C peaks in the XRD patterns of the former ( Figure S3 Figure S5 , Supporting Information). Similar behavior was reported for delaminated V 2 CT x fl akes after TBAOH treatment. [ 29 ] Not surprisingly, smaller sized defective fl akes, with larger diameter holes, were obtained after sonication for 1 h (Figure 2 c,f). However, the percentage of single fl akes increased from 25% to 50% after sonication ( Figure S4 , Supporting Information).
These results are important because they outline several strategies that can be used to manipulate fl ake morphologies; from relatively defect-free to highly defective and nanoporous. The former could be used for electronic and optical applications where defect-free fl akes with large lateral dimensions are needed. In contrast, the latter could be used for applications where higher accessibility and edge effects may be useful, such as in energy storage or catalysis. In the current study we focused on the characterization of the d -Mo 2 CT x produced using HF etching, which had a high yield. In the remainder of this paper, we describe experiments performed exclusively with the HF etched powders that were sonicated for 1 h.
X-ray photoelectron spectroscopy (XPS) measurements performed on the d -Mo 2 CT x "paper" were used to identify and quantify the various chemical and termination species. High-resolution XPS spectra peak fi ttings for Mo 3d, C 1s, O 1s, and F 1s are shown in Figure 3 a-d, respectively. The peak fi tting results for the various species and the elemental compositions extracted from the high resolution spectra are tabulated in Tables S1 and S2 in the Supporting Information. The high-resolution XPS spectrum of the Ga 2p region confi rms the absence of Ga related peaks after etching ( Figure S6 , Supporting Information). The high-resolution spectrum of the Mo 3d region (Figure 3 a) were fi tted by components corresponding to the following three species: Mo C, Mo +5 , and Mo +6 . [ 32, 33 ] The latter two species -whose peaks are quite small -most probably arise from surface oxidation of the "paper" and represent ≈12% of the Mo 3d region. The binding energy (BE) of the Mo 3d 5/2 for the Mo C species is at 229.2 eV, which is 1.1 eV higher than the 228.1 eV BE of the Mo C species reported for Mo 2 Ga 2 C. [ 32 ] This shift to higher BEs for the MXenes, compared to their parent MAX phases, is typical and is due to the replacement of the "A" element by more electronegative surface terminations species such as O, OH, and/or F. [ 34 ] Figure 3 b shows the high-resolution spectrum in the C 1s region that was fi tted by components corresponding to Mo C, C C, CH x , C O, and COO species. The presence of all but the Mo C species, result from the TBAOH intercalations, and/or the exposure of this high-surface area material to the ambient during fi ltration and storage. The peak at a BE of 283.1 eV was assigned to the Mo C species and represents 10 at% of the C 1s region. Note that this does not imply that the amount Table S2 in the Supporting Information).
of MXene is 10 at%, but rather the fact that thin carbonaceous layers form on the surfaces of the powders. Etching with Ar ions removes the latter. [ 34 ] Figure 3 c plots the high-resolution spectrum in the O 1s region which was fi tted by components corresponding to the following species: Mo 2 O 5 and/or MoO 3 , Mo 2 CO x , Mo 2 C(OH) 2 , and Mo 2 C(OH) x -H 2 O ads . The Mo 2 O 5 and/or MoO 3 species arise from surface oxidation. The peaks at 531.1, 532.2, and 533.4 eV were assigned, respectively, to Mo 2 CO x ( O terminated), Mo 2 C(OH) x ( OH terminated) and Mo 2 C(OH) x -H 2 O ads ( OH terminated with strongly adsorbed water). [ 34 ] The highresolution spectrum in the F 1s region (Figure 2 d) was fi tted by one component at a BE of 685.5 eV, which most probably corresponds to a -F surface termination (Mo 2 CF x ). This assignment is close to that made by Park et al. who assigned a BE of 685.0 eV to fl uorine atoms bonded to Mo. [ 35 ] Based upon the atomic percentage of Mo, C, O, and F and the fraction of the species related to the MXenes, the chemical formula that best describes the "paper" is Mo 2 CO 0.6 (OH) 0.4 (OH H 2 O) 0.6 F 0.1 . The fraction of F-terminations here is low compared to other MXenes etched by HF or LiF and HCl, [ 34 ] which is not too surprising since it has been shown that treating Ti 3 CNT x , Ta 4 C 3 T x and V 2 CT x with TBAOH resulted in a signifi cant reduction in their F content. [ 8, 29 ] Simi lar reductions in the fraction of F-terminations were reported after treating Ti 3 C 2 T x with hydroxide solutions such as KOH due to the thermodynamic instability of the Ti F bonds in high pH solutions. [ 36 ] It is thus reasonable to assume that the same is occurring here. Note that we were not able to identify or quantify the nitrogen associated with the TBAOH, since the N 1s region coincides with the Mo 3p region.
Electrical Transport
The transport properties were investigated by measuring the resistivity, ρ , of a 9 µm d -Mo 2 CT x "paper" before, and after, annealing at ≈120 °C in vacuum for 18 h. As shown in Figure 4 a, before annealing, ρ increases from 0.6 to 124 Ω m as the temperature is reduced from 300 to 10 K (top curve in Figure 4 a). After annealing, ρ increased from 2.3 × 10 −3 to 33 × 10 −3 Ω m (bottom curve in Figure 4 a) over the same temperature range. It follows that this mild vacuum annealing reduced ρ at 300 K and 10 K by factors of ≈250 and ≈3700, respectively. Note that in both cases, the resistivity increased with decreasing temperatures.
To shed light more light on the conduction mechanism, the resistivity data in the 10 to 50 K temperature range measured before and after annealing were evaluated using the logarithmic derivative method, [ 37, 38 ] in which the natural logarithm of W is (Figure 4 b) . The slope of such plots is the exponent m (except in the case where the slope is 0) in the equation
where 0 ρ is a prefactor. [ 37 ] The exponents m = 0.5, 0.33, 0.25, and 0 are consistent with the following models: Efros-Shklovskii (E-S) variable range hopping (VRH), 2D VRH, 3D VRH, and transport following a power-law (non-exponential) temperature dependence, respectively.
While the results of the logarithmic derivative method are somewhat noisy (Figure 4 b, before annealing top, after annealing bottom), some conclusions can nevertheless be drawn. The effect of annealing is to increase m from ≈0.25 to 0.33-0.5 (compare upper and lower plots in Figure 4 b). Note that the transport data before, and after, annealing -shown, respectively, in Figures S7 and S8 in the Supporting Information -poorly fi t a thermally activated process or a weak localization model. The transport results also suggest a change in transport mechanism in the low-temperature regime after Adv. Funct. Mater. 2016, 26, 3118-3127 www.afm-journal.de www.MaterialsViews.com annealing. This change may be due to the de-intercalation of the TBAOH and water after annealing. XRD patterns ( Figure S9 , Supporting Information) show a decrease in the c -LP after annealing from 37.7 to 25.5 Å, confi rming the de-intercalation. These results suggest that it is possible to alter the electronic behavior of Mo 2 CT x by simply changing the chemistry of the intercalant. Similar effects were previously observed for TaS 2 . For example, Sarma et al. observed an increase in ρ , and a change in the slopes of the ρ versus T , of octahedral TaS 2 crystals when intercalated with hydrazine. In that case m decreased from 0.5 to 0.33 upon intercalation. [ 39, 40 ] The MR measured at 10 K on the annealed "paper" (Figure 4 c) is positive. This result is in contrast to the recent paper by Xu et al. who reported a negative MR for a 3.4 nm thick Mo 2 C crystal, consistent with a weak localization model. [ 28 ] It is also different from the behavior we reported for Ti 3 C 2 T x thin fi lms. [ 7 ] The difference in both the shape of ρ versus T and the sign of the MR suggests that the dominant scattering/transport mechanisms in Mo 2 CT x differ from Ti 3 C 2 T x , but is similar to Mo 2 TiC 2 T x . [ 41 ] Mo 2 CT x shows semiconductor-like behavior with VRH mechanism at low temperatures, unlike Ti 3 C 2 T x which showed metallic behavior with weak localization at low temperatures. [ 7 ] Based on the totality of these results it is reasonable as this juncture to conclude that it is possible to change the transport properties of Mo 2 CT x by simply varying the nature and/or presence of surface terminations.
Electrochemical Energy Storage Properties
As demonstrated above, the room temperature (RT) resistivity of the d -Mo 2 CT x "paper" is roughly eight orders of magnitude lower than MoO 3 . [ 42 ] However, the latter have been shown to be a promising electrode material for energy storage applications due to molybdenum's ability to change its oxidation state. [ 43, 44 ] Yet, their low conductivity limits the cycle-life and leads to poor rate performance. [ 45 ] This in turn encouraged us to explore the potential of the d -Mo 2 CT x free-standing "paper" as an electrode in supercapacitors and Li-ion batteries since: i) as noted above, Mo 2 CT x is a far better electrical conductor than Mo oxides and, ii) both materials have a similar surface chemistry; according to our XPS results, the surface of Mo 2 CT x is terminated with O and OH.
Electrochemical Performance in Supercapacitors
Electrodes of d -Mo 2 CT x "paper", 2 μm thick, were tested in a three-electrode confi guration using Ag/AgCl as a reference electrode and an overcapacitive activated carbon as a counter electrode in a 1 M H 2 SO 4 electrolyte. Figure 5 a shows the cyclic voltammetry (CV) profi les collected at 20 mV s −1 over two different voltage windows. For the most part, testing was carried out between −0.30 and 0.30 V versus Ag/AgCl. The non-rectangular shape of the CV loops is most probably related to the pseudocapacitive charge storage mechanism, as demonstrated for MoO 3− x in neutral salt electrolytes and for Ti 3 C 2 T x in 1 M H 2 SO 4 . [ 44, 46 ] The rate performance of this 2 µm thick "paper" is summarized in Figure 5 b. At 2 mV s −1 , the gravimetric capacitance is 196 F g −1 , while at 100 mV s −1 it drops to 120 F g −1 (left y -axis in This high specifi c capacitance and good rate capability can be attributed to two important features of Mo 2 CT x : a transition metal oxide/hydroxide surface chemistry as shown by XPS analysis and a conductive carbide backbone as shown by the transport measurements. Said otherwise, the transition metal oxide/hydroxide surface of Mo 2 CT x is electrochemically active and leads to high capacitance like MoO 3 . However, the Mo 2 CT x "paper" has a good rate capability because of the relatively high intrinsic conductivity of the Mo 2 CT x fl akes and good inter-fl ake conductivity due to their dense stacking. However, tight re-stacking may also impede the diffusion of ions between the layers and optimization of the electrode architecture should be done before transitioning to testing thick electrodes.
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Electrochemical Performance of d -Mo 2 CT x -CNT as Anode in Li-ion Batteries
The CV plots of 3 µm thick d -Mo 2 CT x -CNT "paper" electrodes ( Figure 6 a) showed a lithiation peak around 0.1 V versus Li/Li + during the fi rst cycle. This peak shifts to 0.13 V, and becomes more intense, during the second cycle. With further cycling, however, the intensity of the peak decreases while its position fl uctuates. After 20 cycles, the peak intensity stabilizes at ≈0.15 V (Figure 6 a) . Another weak lithiation peak emerges after the fi rst cycle around 1.34 V and its intensity increases slightly with cycling. Its position also changes with cycling till it reaches ≈1.4 V after 30 cycles.
During delithiation, a similar trend of decreasing intensity and fl uctuations of position was observed for the peak that initially was located at 1.5 V and ended at ≈1.45 V, after 30 cycles. Another delithiation peak -observed around 2.6 V during the fi rst cycle -intensifi es with cycling and its position shifts to 2.64 V after 30 cycles. In other Mo-based, systems such behavior (peaks evolutions and devolution in addition to shifting) was observed, and attributed to phase transformations between various oxides. For example, between monoclinic and orthorhombic phases during cycling. [ 47, 48 ] Figure 6 b shows the voltage profi le for a cell cycled at 10 mA g −1 for the fi rst cycle and then at 0.4 A g −1 for all subsequent ones. Voltage plateaus were observed around 0.4 V during the fi rst lithiation cycle and around 1.28 V during the fi rst delithiation cycle (Figure 6 b) . A capacity of 821 mAh g −1 was achieved during the fi rst lithiation cycle, but only 76% of that capacity was recovered upon delithiation. First cycle irreversibility remains a challenge for MXenes tested for LIBs. This irreversibility has been attributed to the formation of a solid electrolyte interphase (SEI), and/or the trapping of Li through irreversible reactions with either surface terminations or other species in-between the M n +1 X n T x layers. [ 49 ] However, the fi rst-cycle irreversibility of Mo 2 CT x was lower compared to that reported for Ti 3 C 2 T x and other MXenes. [ 10, 11, [50] [51] [52] Note that more than 2/3 of the capacity is stored at voltages below 0.5 V, which suggests that Mo 2 CT x could well be used as an anode material.
After the fi rst cycle, carried out a 10 mA g −1 , the capacity drops to 423 mAh g −1 . Thereafter, the cycling rate was increased to 0.4 A g −1 (inset in Figure 6 c) . At that rate, the capacity continuously increased with further cycling until it reached 560 mAh g −1 after 70 cycles (Figure 6 c) . A similar increase in capacity with cycling was reported before for MoO 2 /Mo 2 C hetero-nanotubes and was explained by a gradual reduction of the Li x MoO 2 phase relative to Mo. [ 48 ] The same argument can be used here for Mo 2 CT x since, as shown above, surface oxide species are present. Enhanced electrode accessibility to ions after cycling could be another reason for the observed increases in capacity.
The capacity shown by Mo 2 CT x is higher than the theoretical capacity of graphite anodes (372 mAh g −1 ). [ 53 ] Compared to other Mo-based systems, however, this capacity is ≈7% lower than what was reported for Mo 2 C nanoparticles anchored on graphene (601 mAh g −1 at 0.4 A g −1 ) at the same rate, [ 54 ] and ≈10% lower than what was reported for MoO 2 /Mo 2 C heteronanotubes at slightly higher rates (623 mAh g −1 at 0.5 A g −1 ). [ 48 ] However, this is the fi rst study on Mo 2 CT x MXene and it is reasonable to assume that optimization of the electrode chemistry and architecture would result in major improvements in capacity, as previously observed for other MXenes. [ 10, 50, 55 ] The Mo 2 CT x -CNT fi lms also showed excellent capability to handle quite high cycling rates. At 5 A g −1 (≈20 C) a reversible capacity of ≈250 mAh g −1 with coulombic effi ciency of >99% was retained after 1,000 cycles (Figure 6 c) . Even at 10 A g −1 (≈131 C) a stable reversible capacity of 76 mAh g −1 was measured even after 1,000 cycles. This suggests d-Mo 2 CT x -CNT electrodes could be used as electrodes in high-power batteries or Li-ion capacitors. While the electrodes tested here are relatively thin, in future work, like for other MXenes, thicker electrodes will be tested. For example, 300 µm thick discs Ti 3 C 2 T x and Nb 2 CT x were successfully tested as electrodes for LIBs. [ 55 ] Although they showed a lower gravimetric capacity compared to commercial graphite, their areal capacities were higher. [ 55 ] There is no reason to believe that similar behavior will not be observed for Mo 2 CT x .
Conclusions
Herein we report, for the fi rst time, on the large-scale synthesis of 2D Mo 2 CT x fl akes via selective etching of Ga from Mo 2 Ga 2 C powders using two different etchants and subsequent Adv. Funct. Mater. 2016, 26, 3118-3127 www.afm-journal.de www.MaterialsViews.com Figure 6 . Electrochemical performance of d -Mo 2 CT x -CNT "paper" as a Li anode: a) CVs at 0.2 mV s −1 . b) Galvanostatic cycling between 5 mV and 3 V versus Li/Li + at 0.4 A g −1 after fi rst cycle at 10 mA g −1 . c) Capacity versus cycle number for cells tested at 0.4 A g −1 (red), 5 A g −1 (blue), 10 A g −1 (orange) and the corresponding columbic effi ciency (top blue curve, right y-axis) for the cell cycled at 5 A g −1 . Inset is a zoom-in on the area outlined by the red dotted square focusing on the performance of the cell cycled at 0.4 A g −1 .
delamination. The morphologies of the produced fl akes depended on the etchant type and delamination method. Etching with LiF/HCl solutions produced less defective fl akes as compared to those etched with HF, followed by TBAOH treatment. Furthermore, sonication tends to break the fl akes into smaller sizes, but produces a higher fraction of single-layer fl akes as compared to mild agitation via hand shaking alone. Annealing the Mo 2 CT x "paper," drives out the TBAOH molecules present after delamination -as evidenced by a large contraction in the c -axis lattice parameter -results in an almost three orders of magnitude decrease in resistivity at RT. The resistivity decreases with increasing temperature, and its temperature dependence changes after annealing, indicating a change in transport mechanism(s). At 10 K, the magnetoresistance is positive. Based on these preliminary results we conclude that Mo 2 CT x exhibits semiconducting-like behavior with VRH transport mechanism at low temperatures.
The volumetric capacitance of 2 µm thick delaminated Mo 2 CT x "paper" in 1 M H 2 SO 4 reached 700 F cm −3 at 2 mV s −1 . The capacitance retention was excellent, with almost no degradation after 10,000 charge/discharge cycles.
When a 3 µm thick delaminated Mo 2 CT x -CNT "paper" electrode was tested against Li, a reversible capacity of 560 mAh g −1 was achieved at 0.4 A g −1 , with more than 2/3 of the lithiation capacity stored at voltage below 0.5 V versus Li/Li + . As importantly, at rates of 5 and 10 Ag −1 , reversible stable capacities of 250 and 75 mAh g −1 were achieved, respectively, for over a 1,000 cycles, making it a promising anode material for high power batteries and Li-ion capacitors.
Experimental Section
Synthesis of Mo 2 Ga 2 C : Powders of Mo 2 Ga 2 C were synthesized by a solid liquid reaction of Mo 2 C and Ga. The details can be found in Ref. [ 25 ] . In brief, a −325 mesh Mo 2 C powder and Ga (both from Alfa Aesar, Ward Hill, MA, both of 99.5 wt% purity) were mixed in a 1:8 molar ratio and placed in a quartz tube that was evacuated using a mechanical vacuum pump and sealed. The latter was placed in a horizontal tube furnace that was heated at a rate of 10 °C min −1 to 850 °C, and held at that temperature for 48 h. After furnace cooling, the lightly sintered material was crushed, using a mortar and pestle, and returned back to the quartz tube. The latter was evacuated, etc. and re-heated at a rate of 10 °C min −1 to 850 °C and held at temperature for 16 h more. Rietveld refi nement of the XRD patterns for Mo 2 Ga 2 C (not shown) indicated that < 20 wt% Mo 2 C was present in the powders as a secondary phase.
One gram of the lightly sintered Mo 2 Ga 2 C compact was immersed in a 20 mL of a 12 M HCl solution (technical grade, Fisher Scientifi c, Fair Lawn, NJ) for 2 d, at RT -while being stirred using a Tefl on coated magnet on a stir plate -to dissolve any unreacted Ga. The powders were washed with DI water several times till a pH of ≈6 was reached, then dried by fi ltration using a nanoporous polypropylene membrane (3501 Coated PP, 0.064 µm pore size, Celgard, USA).
Synthesis of 2D Mo 2 CT x : LiF and HCl Route: One gram of Mo 2 Ga 2 C powder was added to 20 mL of a premixed solution of 3 M of LiF (90+%, Ward Hill, MA, Alfa Aesar) and 12 M HCl. The Mo 2 Ga 2 C containing mixture was placed on a magnetic stirrer hot plate in an oil bath held at 35 °C for various times. Afterwards, the mixture was washed, through three cycles of 1 M HCl solution, followed by three cycles of 1 M of aqueous LiCl (Alfa Aesar, 98+%), and fi nally several cycles of DI water until the supernatant reached a pH of approximately 6. In each cycle, the washing was performed by adding 40 mL of the solution to the washed powders in a centrifuge tube, and the tube was hand-shaken for 1 min before centrifuging at 5000 rpm for 2 min. Twenty milliliters of argon, Ar, deaerated DI water were then added to the washed powder, which was then hand shaken for 5 min., followed by centrifuging for 1 h at 5000 rpm. The supernatant was collected for further investigation. The settled powder was discarded.
HF and TBAOH Route : Powders of Mo 2 Ga 2 C were immersed, slowly, in a bottle containing 14 M HF solution (Fisher Scientifi c, Fair Lawn, NJ) in a ratio of 1 g to 40 mL. Afterwards the bottle was placed in an oil bath over a stirred hot plate held at 55 °C for 160 h, while stirring using a Tefl on coated magnet. The resulting suspension was washed with DI water through several cycles till a pH of ≈6 was reached. In each cycle, the washing was performed by adding 40 mL of DI water to a centrifuge tube containing the sediment, and then the tube was hand-shaken for 1 min before centrifuging at 5000 rpm for 2 min.
The settled powder was removed from the centrifuge tube and fi ltered through a nanoporous polypropylene membrane (3501 Coated PP, 0.064 µm pore size, Celgard, USA) for further investigation.
One gram of this fi ltered powder was added to a 10 mL of an aqueous solution of 54-56 wt% TBAOH, (C 4 H 9 ) 4 NOH, (Sigma Aldrich, St. Louis, MO, USA). The mixture was stirred at RT for 18 h after which it was washed three times using 40 mL Ar-deaerated DI water each time. The sediment was then used for further characterization and delamination.
General Characterization Methods : The microstructures and morphologies of the various samples and powders were characterized by TEM (JEOL JEM-2100, Japan) using an accelerating voltage of 200 kV. The TEM samples were prepared by dropping several drops of the sample, diluted in DI water, onto a copper grid and dried in air. SEM was performed using Zeiss Supra 50VP (Carl Zeiss SMT AG, Oberkochen, Germany).
An XRD diffractometer (Rigaku Smartlab (Tokyo, Japan) equipped with Cu Kα radiation (40 kV and 44 mA) was used for phase identifi cation. A step scan 0.02°, time per step 2 s, 10 × 10 mm 2 window slit was used.
XPS spectra of the d -Mo 2 CT x "paper" were measured by a spectrometer (Physical Electronics, VersaProbe 5000, Chanhassen, MN) employing a 100 µm monochromatic Al Kα X-ray beam to irradiate the sample surface. Photoelectrons were collected by a 180° takeoff angle between the sample surface and the path to the analyzer. Charge neutralization was performed using a dual beam charge neutralizer irradiating low-energy electrons and ion beam to avoid shift in the recorded BE. High-resolution spectra for Mo 3d, C 1s, O 1s, F 1s, and Ga 2p were taken at a pass energy of 11.75 eV with a step size of 0.05 eV. The binding energy scale of all XPS spectra was references to the Fermi-edge ( E f ), which was set to a BE of zero eV. To obtain the spectra a free-standing fi lm was mounted on a double sided tape and was electrically grounded using a copper wire. The quantifi cation, using the obtained core-level intensities, and peak fi tting of the core-level spectra was performed using a software package (CasaXPS Version 2.3.16 RP 1.6). Prior to both the quantifi cation and peak fi tting the background contributions were subtracted using a Shirley function. The intensity ratios of the 3d 5/2 and 3d 3/2 peaks were constrained to be 3:2.
The temperature-dependent in-plane resistivity measurements were performed in a Physical Property Measurement System (Quantum Design, San Diego). A linear, four-point probe geometry was used. Gold wires were attached to the fi lms using silver paint. Positive and negative currents were applied, at each temperature, to eliminate any thermal effects. The error in the resistivity values is estimated to be ≈5%, corresponding to the uncertainty in the sample thickness. The MR measurements were performed with a magnetic fi eld, up to ±9 T , applied out of the plane of the fi lm.
Electrochemical Characterization
Supercapacitors: Activated carbon electrodes were prepared by mixing activated carbon (YP-40) with 5 wt% polytetrafl uroetylene (PTFE) in ethanol on a magnetic stirring plate for 24 h at 25 °C. The powders were then kneaded, rolled, and cut into thin discs with a diameter of 9 mm.
The Mo 2 CT x electrodes were prepared from delaminated Mo 2 CT x fl akes obtained by HF etching of Mo 2 Ga 2 C, followed by TBAOH intercalation, as described above. After TBAOH treatment, the sediment www.afm-journal.de www.MaterialsViews.com was mixed with DI water (1 g Mo 2 CT x per 10 mL of water), deaerated using Ar gas, followed by sonication in an ice-cooled ultrasonic bath for 1 h. The mixture was then centrifuged for 1 h at 5000 rpm, and the supernatant, which was dark purple in color, was collected. The latter was further diluted, with deaerated DI water, to a concentration of 1 mg mL −1 . The diluted suspension was vacuum-fi ltered onto nanoporous polypropylene membranes (Celgard 3501, 0.064 µm pore size, Celgard LLC) in air. The d -Mo 2 CT x "paper" was easily separated from the membrane to obtain free-standing Mo 2 CT x electrodes that were ≈2 µm thick. The electrodes with mass loading of 0.6 mg cm −2 were assembled in a three-electrode Swagelok cell with platinum current collectors, a polypropylene separator (Celgard 3501, Celgard LLC), and a reference electrode of Ag/AgCl in KCl. CV and galvanostatic cycling were performed using a potentiostat (VMP3, Biologic, France). After an initial pre-cycling step to stabilize the current-voltage characteristic, the CV scans were performed at rates ranging from 2 to 100 mV s −1 . Galvanostatic chargedischarge tests were also performed on a two electrode Swagelok cell with an activated carbon counter electrode for 10,000 cycles using a current density of 10 A g −1 .
Li-Ion Electrodes : The d -Mo 2 CT x -CNT paper electrodes were prepared using an alternating vacuum-assisted fi ltration approach similar to what was described in Ref. [ 56 ] In brief, delaminated Mo 2 CT x in DI water (≈2 mg mL −1 ) and CNT dispersed in DI water (≈0.2 mg mL −1 ) were alternately fi ltered to create a layered MXene/CNT structure. The CNT dispersion used in this study was achieved by sonicating 20 mg of multi-walled CNTs in 100 mL of DI water that contained 10 wt% sodium dodecyl sulfate (≥99%, Sigma-Aldrich, St. Louis, MO, USA) for 0.5 h. One mL of Mo 2 CT x suspension was fi ltered, fi rst through a mixed cellulose esters membrane (50 nm, MF-Millipore, EMD Millipore, Darmstadt, Germany), and then 1 mL of CNT suspension was fi ltered. This alternating fi ltration process was repeated 10 times. At the end, another 1 mL of the Mo 2 CT x suspension was fi ltered. The composite fi lm were left to dry at RT in air for 18 h. Afterward, the MXene-CNT "paper" (≈8 wt% CNT), with a thickness of ≈3 µm, was readily peeled off the membrane and further dried under vacuum at 90 °C for 18 h prior to testing.
To test the performance of this d -Mo 2 CT x -CNT composite electrode, stainless steel coin cells (CR-2032, Hohsen Corp., Osaka, Japan) were assembled in an Ar-fi lled glovebox (O 2 and H 2 O < 1 ppm) using an automatic crimping machine (Hohsen Corp., Osaka Japan). In the coin cells, Li foil was used as a counter electrode; the working electrode was the free-standing Mo 2 CT x -CNT paper, with a mass loading of 0.9 mg cm −2 . The two electrodes were separated by borosilicate glass fi ber paper (Whatman GF/A, Buckinghamshire, UK) that was soaked with an electrolyte of 1.2 M LiPF 6 solution in a mixture of ethylene carbonate, EC, and dimethyl carbonate, DMC in a 1:2, respectively by weight ratio.
The CVs were recorded at a rate of 0.2 mV s −1 between 3.0 V and 5.0 mV using a potentiostat (VSP300, Biologic, Claix, France), while the galvanostatic cycling between 5.0 mV and 3.0 V at different currents was conducted using a battery cycler (Series 4000 MACCOR Inc., Tulsa OK, USA). Both tests were carried out at 25 °C.
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